University of South Florida

Digital Commons @ University of South Florida
USF Tampa Graduate Theses and Dissertations

USF Graduate Theses and Dissertations

March 2022

Watershed Management for Nutrient Control in Taylor Creek and
Nubbins Slough, Florida
Rachael Z. Cooper
University of South Florida

Follow this and additional works at: https://digitalcommons.usf.edu/etd
Part of the Water Resource Management Commons

Scholar Commons Citation
Cooper, Rachael Z., "Watershed Management for Nutrient Control in Taylor Creek and Nubbins Slough,
Florida" (2022). USF Tampa Graduate Theses and Dissertations.
https://digitalcommons.usf.edu/etd/9327

This Thesis is brought to you for free and open access by the USF Graduate Theses and Dissertations at Digital
Commons @ University of South Florida. It has been accepted for inclusion in USF Tampa Graduate Theses and
Dissertations by an authorized administrator of Digital Commons @ University of South Florida. For more
information, please contact scholarcommons@usf.edu.

Watershed Management for Nutrient Control in Taylor Creek and Nubbins Slough,
Florida

by

Rachael Z. Cooper

A thesis submitted in partial fulfillment
of the requirements for the degree of
Master of Science in Civil Engineering
Department of Civil and Environmental Engineering
College of Engineering
University of South Florida

Co-Major Professor: Sarina Ergas, Ph.D.
Co-Major Professor: Mahmood Nachabe, Ph.D.
Elizabeth (Betsey) Boughton, Ph.D.

Date of Approval:
March 18, 2022

Keywords: Lake Okeechobee, Agriculture, Streamflow Trends, Water Quality, Best
Management Practices
Copyright © 2022, Rachael Z. Cooper

Dedication
This thesis is dedicated to Leanna Foster, who will always be Leanna Cooper in my mind
and in my phone – sorry Ryan. Her kindness and patience dragged me through Physics 14 years
ago and, more recently, graduate school admissions. This thesis would not exist without her
encouragement to attend graduate school.
L – thank you for always being there, no matter how long it has been. May we one day
return to exchanging novels to enjoy instead of proposals to be redlined, but either way, an
excuse to connect is always treasured.

Acknowledgments
This thesis is based on work supported by a grant from the U.S. Environmental Protection
Agency's Science under Assistance Agreement No. 84009001 awarded to the USF. It has not
been formally reviewed by EPA. The views expressed in this thesis are solely those of the author
and do not necessarily reflect those of the Agency. EPA does not endorse any products or
commercial services mentioned in the presentation.
I want to thank my committee members and FDACS staff for their guidance and insight
throughout this work. My committee members, Dr. Sarina Ergas and Dr. Mahmood Nachabe, for
their mentorship throughout the many evolutions of this thesis, and Dr. Elizabeth ‘Betsey’
Johnson, for participating in this engineering research. Her experience and knowledge were
critical for a better understanding and appreciation of Florida’s complex ecosystems, especially
when it has cattle. FDACS staff were very generous with their time, knowledge, and data
available at an early and late stage of this research to explain the FDACS BMP program and the
current methods for tracking enrollment.
This research would also not be possible without the ongoing support of all the faculty
and students on the EPA HAB team. Many thanks, especially to Dr. Mauricio Arias, for
introducing me to all things Lake Okeechobee my first semester at USF and Jiayi Hua for being
a great friend and research partner throughout a few semesters of isolation. Jiayi, thanks for
always humoring my many tangents and kindly guiding me back to the tasks at hand.
Finally, I would also like to thank my husband Zack and parents. Thank you Zack for
encouraging my ‘career pivot’ and agreeing to take the side quest instead of the main storyline.

Thank you to my dad for teaching me to think critically and bringing cattle into my middle
school life despite the farm being the last place I wanted to be. Thank you to my mom, who took
me along with her to check lab samples, attend graduate school classes, and go on weekend tours
of wastewater facilities when I was too young to protest. My parent's interests likely inspired this
thesis more than we can ever comprehend.

Table of Contents
List of Tables ................................................................................................................................. iii
List of Figures ................................................................................................................................ iv
Abstract ......................................................................................................................................... vii
Chapter 1: Introduction ....................................................................................................................1
1.1 Eutrophication, Harmful Algal Blooms, and Nutrient Pollution ..................................1
1.2 Nitrogen and Phosphorus Cycles ..................................................................................2
1.2.1 Nitrogen Speciation .......................................................................................2
1.2.2 Phosphorus Solubility and Bioavailability.....................................................3
1.3 Lake Okeechobee and the Greater Everglades .............................................................3
1.4 Eutrophication in Lake Okeechobee .............................................................................4
1.5 Research Motivation and Scope....................................................................................5
1.6 Research Aims and Questions ......................................................................................6
Chapter 2: Literature Review ...........................................................................................................7
2.1 Nutrient Pollution Reduction ........................................................................................7
2.1.1 Best Management Practices ...........................................................................7
2.2 Long-Term Water Quality Evaluation ........................................................................11
2.3 Water Quality in the Lake Okeechobee Watershed ....................................................12
Chapter 3: Site Selection, Analytical Approach, and Data Processing .........................................13
3.1 Site Selection ..............................................................................................................13
3.2 Analytical Approach ...................................................................................................14
3.2.1 Water Quality Trends ...................................................................................16
3.2.2 Nutrient Loads .............................................................................................17
3.2.3 Nutrient Treatment .......................................................................................18
3.3 Data Processing ...........................................................................................................18
3.3.1 Flow Data .....................................................................................................19
3.3.1.1 Extending Flow Data ....................................................................20
3.3.2 Water Quality Data ......................................................................................25
Chapter 4: Results and Discussion ................................................................................................27
4.1 Water Quality Trends ..................................................................................................27
4.1.1 Flowrate .......................................................................................................27
4.1.2 Water Quality ...............................................................................................28
4.1.3 Application of Regression............................................................................28
4.1.4 Annualized Water Quality Trends ...............................................................28
i

4.2 Nutrient Loads ............................................................................................................30
4.2.1 Nitrogen Speciation .....................................................................................31
4.2.2 Legacy Nutrients ..........................................................................................31
4.2.3 Land Use Identification................................................................................32
4.3 Nutrient Treatment ......................................................................................................32
4.3.1 Best Management Practices .........................................................................34
Chapter 5: Conclusions .................................................................................................................51
References ......................................................................................................................................52
Appendix A: Copyright Permissions ............................................................................................59
Appendix B: List of Acronyms ......................................................................................................60
Appendix C: Sensitivity Analysis for Flow Trend Components ...................................................61
Appendix D: TCNS 213 Raw Data ................................................................................................63
Appendix E: TCNS 214 Raw Data ................................................................................................67

ii

List of Tables
Table 2.1 Timeline of policy and programs within the LO watershed ...........................................9
Table 3.1 Flowrate data available from the SFWMD database ....................................................19
Table 3.2 Flowrate data downloaded from SFWMD database .....................................................19
Table 3.3 Stage data available from the SFWMD database .........................................................20
Table 3.4 Water quality data available from SFWMD database ..................................................25
Table 3.5 Water quality data downloaded from the SFWMD database .......................................26
Table 4.1 Hurricanes impacting Okeechobee County ..................................................................28
Table 4.2 Change in water quality trends over time .....................................................................29
Table 4.3 Water quality trend, management trend, and flow trend ..............................................30
Table B.1 Acronyms and definitions ............................................................................................60

iii

List of Figures
Figure 3.1 The two basins in the Taylor Creek/Nubbins Slough sub-watershed selected
for the analysis............................................................................................................14
Figure 3.2 Summary of quantitative methods within the analytical approach. ............................15
Figure 3.3 Aerial photograph at TCNS 213 station ......................................................................21
Figure 3.4 Aerial photograph at TCNS 214 station ......................................................................21
Figure 3.5 Correlation between inactive and active stage depth at TCNS 213 ............................22
Figure 3.6 Correlation between inactive and active stage depth at TCNS 214 ............................22
Figure 3.7 Flow regimes identified for TCNS 213 .......................................................................23
Figure 3.8 Three linear stage-discharge curves for TCNS 213, and the data points
associated with each linear curve ...............................................................................24
Figure 3.9 The stage-discharge curve for TCNS 214, and the data points associated with
the polynomial curve ..................................................................................................24
Figure 4.1 Annualized maximum, mean, median, and minimum flowrates for TCNS 213
and TCNS 214 ............................................................................................................35
Figure 4.2 Seasonal variability in TN and TP samples in TCNS 213 and TCNS 214 .................36
Figure 4.3 Application of the WRTDS regression in TCNS 213 to estimate TN and TP
concentrations .............................................................................................................37
Figure 4.4 Application of the WRTDS regression in TCNS 214 to estimate TN and TP
concentrations .............................................................................................................38
Figure 4.5 Comparison of observed and estimated concentrations from the WRTDS
regression....................................................................................................................39
Figure 4.6 Annualized water quality trend for TN and TP for the TCNS (solid green line)
enclosed by the 90% confidence interval (dashed green line) ...................................40

iv

Figure 4.7 Visualization of the percent contribution to TP loading by land use in TCNS
213 and TCNS 214 .....................................................................................................41
Figure 4.8 Visualization of the percent contribution to TN loading by land use in TCNS
213 and TCNS 214. ....................................................................................................42
Figure 4.9 TP loading by land use over time in TCNS 213 and TCNS 214.................................43
Figure 4.10 TN loading by land use over time in TCNS 213 and TCNS 214 ..............................44
Figure 4.11 TP land use loading and water quality trends in TCNS 213 and TCNS 214 ............45
Figure 4.12 TN land use loading and water quality trends in TCNS 213 and TCNS 214 ............46
Figure 4.13 Nitrogen speciation in TCNS 213 and 214................................................................47
Figure 4.14 365-day rolling average of TKN and NOx in TCNS 213 and TCNS 214 .................48
Figure 4.15 Seasonality of TKN and NOx in TCNS 213 ..............................................................49
Figure 4.16 Number of BMPs enrolled in the FDACS cow-calf BMP program in basins
TCNS 213 and TCNS 214 over time ........................................................................50
Figure C.1 Three flow windows plotted for total nitrogen at TCNS 213 .....................................61
Figure C.2 Three flow windows plotted for total phosphorus at TCNS 213. ...............................61
Figure C.3 Three flow windows plotted for total nitrogen at TCNS 214 .....................................62
Figure C.4 Three flow windows plotted for total phosphorus at TCNS 214. ...............................62
Figure D.1 Inactive stage data downloaded from SFWMD for TCNS 213 ..................................63
Figure D.2 Active stage data downloaded from SFWMD for TCNS 213 ....................................64
Figure D.3 Discharge data downloaded from SFWMD for TCNS 213 .......................................64
Figure D.4 TKN sample data downloaded from SFWMD for TCNS 213. ..................................65
Figure D.5 NOx sample data downloaded from SFWMD for TCNS 213 ....................................65
Figure D.6 TN sample data downloaded from SFWMD for TCNS 213. .....................................66
Figure D.7 TP sample data downloaded from SFWMD for TCNS 213 .......................................66
Figure E.1 Inactive stage data downloaded from SFWMD for TCNS 214 ..................................67
v

Figure E.2 Active stage data downloaded from SFWMD for TCNS 214 ....................................68
Figure E.3 Discharge data downloaded from SFWMD for TCNS 214 ........................................68
Figure E.4 TKN sample data downloaded from SFWMD for TCNS 214....................................69
Figure E.5 NOx sample data downloaded from SFWMD for TCNS 214 .....................................69
Figure E.6 TN sample data downloaded from SFWMD for TCNS 214 ......................................70
Figure E.7 TP sample data downloaded from SFWMD for TCNS 214 .......................................70

vi

Abstract
Despite efforts to improve water quality within the watershed since the 1970s, harmful
algal blooms (HABs) still occur within Lake Okeechobee (LO). HABs are harmful to the people,
the ecosystem, and the economy dependent on the lake. Taylor Creek Nubbins Slough (TCNS) is
a subwatershed of the lake, contributing to a large percentage of the nutrient loading. Due to the
size and complexity of LO’s watershed, two smaller basins within the TCNS subwatershed were
selected to evaluate the following research questions: (1) How do water quality trends contrast
between two basins? (2) How do nutrient load and treatment within the basin affect the water
quality trends in the last three decades?
Annualized total nitrogen (TN) and total phosphorus (TP) trends for the two subbasins
were compared using the United States Geological Survey’s R-studio package Exploration and
Graphics for RivEr Trends. The impact of nutrient management (loading and treatment) on the
water quality trends were investigated with multiple approaches (1) TN and TP seasonality, (2)
nitrogen speciation, (3) wastewater treatment facility permits, (4) best management practice
(BMP) enrollment, and (5) estimated TN and TP loading based on land use.
Annualized trends between the basins differed more than expected. Estimated TN and TP
loading were similar between the two basins, and there were not enough details on treatment and
practices to attribute changes in treatment to the annualized trend. However, two results were
identified that may impact the difference between water quality trends in the two basins (1) the
seasonality between the speciation of TN and (2) the coupling of annualized TN and TP trends
within the basins.
vii

Chapter 1: Introduction
1.1 Eutrophication, Harmful Algal Blooms, and Nutrient Pollution
Nutrients, such as nitrogen and phosphorus, are vital for the growth of living things.
However, high nutrient concentrations can be considered pollutants to surface and ground
waters. Eutrophication, an excess of nutrients within surface water, triggers algal growth or
harmful algal blooms (HABs). HABs occur in two broad classifications, high biomass and toxic.
High biomass HABs are dangerous because algae remove oxygen from the water creating
hypoxic or ‘dead zones’ where fish cannot survive. Toxic HABs produce toxins harmful to fish,
wildlife, and human health in small quantities (Nejadhashemi, 2016).
Nutrients within surface and ground waters originate from natural and anthropogenic
sources related to land uses in a watershed. Anthropogenic nutrient sources can vary from direct
discharges (point sources) to indirect diffusion (non-point sources) into waterways. For example,
domestic and industrial wastewater treatment facilities directly discharge treated wastewater with
nutrients into the surface and ground waters. Indirectly, fertilizer, sediment, and waste enter
surface and groundwater through stormwater and irrigational runoff (Masters & Ela, 2008).
Excess nutrients which accumulate within the soil, the vadose zone, and the groundwater
are referred to as ‘legacy’ nutrients (Chen et al., 2018; Sharpley et al., 2013; van Meter et al.,
2016). The variability of legacy nutrients and current nutrient sources within a watershed make
nutrient pollution a complex environmental problem. Social, ecological, and economic factors
increase the complexity, as each social-ecological system is unique to a watershed’s
characteristics (O’Higgins et al., 2020; Shortle et al., 2020).
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1.2 Nitrogen and Phosphorus Cycles
Nutrients have cycles that transport them through the environment. Nitrogen speciations
can characterize the transportation of nitrogen through a watershed. Nitrogen has multiple
speciations such as organic nitrogen, ammonia/ammonium, nitrate, and nitrite that can be present
within surface waters. Phosphorus also has speciations; however, the transportation of
phosphorus through a watershed is frequently characterized by solubility and bioavailability of
the phosphorus. Nitrogen and phosphorus cycles can be interrelated with each other and with
other nutrient cycles such as carbon and sulfur (Sharpley et al., 2013; Toor et al., n.d.).
1.2.1 Nitrogen Speciation
Living organisms use nitrogen for protein synthesis, so nitrogen in the form of particulate
and dissolved organic nitrogen is present in waters with algal or plant growth that is currently or
has recently occurred. In urban, agricultural, and undeveloped watersheds, organic nitrogen has
appeared in the forms of algae, leaf debris, and grass clippings (Dierberg, 1991; Lusk et al.,
2020; Voelker, 2018; Yang & Toor, 2016). For nitrogen to be utilized by most plants, it must be
ammonia/ammonium or nitrate (Masters & Ela, 2008). Therefore, fertilizers applied to lands
usually ammonia/ammonium or nitrate (Chelette et al., 2002). The terms ammonia and
ammonium are sometimes used interchangeably due to speciation varying depending on
temperature and pH. Ammonia/ammonium results from the death or excretion of wastes from
living organisms. Total Kjeldahl Nitrogen (TKN) is the sum of ammonia/ammonium and organic
nitrogen (Wall, 2013).
When oxygen is present, nitrifying bacteria can oxidize ammonia/ammonium to nitrate.
When oxygen is not present, denitrifying bacteria can reduce nitrate to nitrite and finally reduce
nitrite to nitrogen gas, removing nitrogen from the water. The nitrification-denitrification
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biological process of removing ammonia/ammonium from wastewater by converting
ammonia/ammonium to nitrogen gas is applied in engineering wastewater treatment processes.
However, nitrogen species between treated wastewater effluent can vary depending on the
efficiency of the engineered system to convert from one species of nitrogen to another (Masters
& Ela, 2008; Toor et al., n.d.).
In rural and suburban areas where sewer access to a centralized wastewater treatment
facility is unavailable, on-site treatment and disposal systems (OSTDS) are installed at the
household or community level. OSTDS in sandy, high groundwater environments such as
Florida can limit the efficiency of steps within the treatment process (Anderson & Hazen and
Sawyer, 2006; Meeroff et al., 2008; Toor et al., n.d.).
1.2.2 Phosphorus Solubility and Bioavailability
Phosphorus from continuous, direct sources in urban environments are broadly
characterized as soluble with high bioavailability. Direct sources in rural settings are more
variable than in urban environments in solubility and bioavailability. Diffused sources near the
surface flows are often particulate with low availability, and diffused sources into groundwater
such as OSTDS are often soluble with high bioavailability (Edwards & Withers, 2007).
1.3 Lake Okeechobee and the Greater Everglades
Lake Okeechobee (LO), located in South Florida, is the second-largest freshwater lake in
the contiguous United States. The shallow lake is 700 square miles and locally supports
recreational and commercial fishing, tourism, navigation, and habitats for fish and waterfowl.
Regionally, LO provides storage for flood protection and water for drinking, irrigation, and
recharging aquifers throughout southern Florida (Florida Department of Environmental
Protection, 2001).
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The 4,000 square mile watershed to LO is also a part of the Greater Everglades
ecosystem. Historically, water flows through the watershed, to LO, and into the plains of the
Everglades that once encompassed about 4,600 square miles (Atisa, 2020b; National Academies
of Sciences, Engineering, 2021). However, engineering drainage projects between 1850 and
1960 rerouted the water to develop additional agricultural and urban land (Anderson &
Rosendahl, 1998). Most of the water from LO is currently diverted east through the St. Lucie
River or west through the Caloosahatchee River. Therefore, the LO watershed, is presently the
most upstream source of nutrient pollution to LO, the St. Lucie, and the Caloosahatchee, and the
Everglades (National Academies of Sciences, Engineering, 2021; Reddy et al., 2011).
The LO watershed is subdivided into nine sub-watersheds. The six northern subwatersheds are 76% of the LO watershed. The northern sub-watersheds are identified by their
contributing waterbody: the Kissimmee River, Fisheating Creek, Taylor Creek, Nubbins Slough,
and Lake Isokpoga, which flows into the Indian Prairie Canal. Location to LO identifies the three
other sub-watersheds: east, west, south. Approximatly 62% of the land in the LO wastershed are
in the following categories: Urban, built up, transportation, utilities, agricultural, and inactive
dairy. Agricultural land use, primarily cattle pasture, is 50% of the watershed. The Florida
Department of Environmental Protection (FDEP) estimates that the majority of total phosphorus
(TP) and total nitrogen (TN) loads from the LO watershed are from non-point sources (Florida
Department of Environmental Protection, 2020).
1.4 Eutrophication in Lake Okeechobee
In the 1960s, eutrophication became a national and international concern. In the late
1970s, water quality management plans began to be implemented across the United States to
reduce nutrient pollution and improve water quality within surface waters (Osmond et al., 2012).

4

Public concern regarding the water quality of LO stemmed in a public hearing in 1972. The
hearing resulted in a three-year study that declared the lake eutrophic. The study also
recommended projects to restore the watershed to predeveloped hydrologic conditions and
improve dairy and ranching practices to reduce pollutant loads (Boggess et al., 1991). Projects in
the watershed have continued since the 1970s; however, LO has not met targeted water quality
standards to reduce the risk for HABs (FDEP, 2020; Florida Department of Environmental
Protection, 2020)
Past and current management strategies to reduce nutrient pollution to LO have mainly
focused on the sensitivity of the Everglades to phosphorus concentrations (Havens & Walker,
2002). Compared to other freshwater wetland ecosystems, the Everglades has lower phosphorus
concentrations and higher nitrogen-phosphorus ratios, making the system highly responsive to
changes in phosphorus (Noe et al., 2001). However, the lake itself and the primary receiving
water bodies, the St. Lucie River and the Caloosahatchee River, have different nutrient
sensitivities than the Everglades. LO, the St. Lucie River, and the Caloosahatchee River are
sensitive to both nitrogen and phosphorus (Kramer et al., 2018). Therefore, reducing nitrogen
and phosphorus is essential to decreasing HABs within the ecosystem.
1.5 Research Motivation and Scope
The importance of LO to the Everglades and South Florida has resulted in local, regional,
and national efforts to reduce nutrient loading to the Greater Everglades ecosystem. The
University of South Florida (USF) is working on a multi-disciplinary project to control HABs
within LO. The project aims to reduce nutrient loading to the lake by proposing nutrient
management practices and technologies within the watershed by (1) assessing existing and
emerging nutrient management practices and technologies under a holistic assessment
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framework, (2) implementing an approach to scale up emerging technologies, (3) modeling
watershed hydrology and lake ecology to predict nutrient loading and algal blooms, and (4)
optimizing management technologies within the watershed. USF’s LO HAB project motivated
this thesis to investigate past and present watershed and nutrient management practices and the
water quality responses to these practices.
1.6 Research Aims and Questions
This thesis aims to evaluate the impact of historical nutrient management practices on
water quality within the Lake Okeechobee watershed. Due to the size and complexity of LO’s
watershed, smaller basins within the Lake Okeechobee watershed were selected to evaluate the
following research questions: (1) How do water quality trends contrast between two basins? (2)
How do nutrient load and treatment within the basin affect the water quality trends in the last
three decades?

6

Chapter 2: Literature Review
2.1 Nutrient Pollution Reduction
Governments set policies to establish water quality objectives to reduce nutrient pollution
within watersheds worldwide. A policy provides an administrative tool to harmonize conflicts
between stakeholders to balance societal, ecological, and economic interests. Policies set forward
by government agencies result in decision contexts and legal instruments for meeting objectives
agreed upon by the stakeholders (Atisa, 2020a; Koetz et al., 2012; O’Higgins et al., 2020). Legal
approaches to reduce nutrients and harmful algal blooms (HABs) are unique and often mixed in
methodologies to meet objectives (McDowell et al., 2016). When evaluating the success of an
environmental policy, a long-term water quality record must be available to differentiate between
natural system variability and the long-term success of a policy (Burt et al., 2011).
2.1.1 Best Management Practices
The Clean Water Act is the context for pollutant discharge limits in the United States.
The policy requires the treatment of direct discharges into waterways by implementing the best
available treatment technologies or best management practices (BMPs) (Managers, 2014). BMPs
recommended by the United States Department of Agriculture, Natural Resources Conservation
Service are called conservation practices. Conservation practices were created to retain soil on
farmlands and currently include practices designed to improve the entire landscape and
environment on and around agriculture (Briske, 2011; Nelson, 2012). Conservation practices are
voluntary and incentivized in the nationwide Farm Bill (Managers, 2014).
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The Florida Department of Agricultural and Consumer Services (FDACS) recommends
conservation practices through commodity-based BMP Manuals (FDACS, 2008; Frydenborg &
Frydenborg, 2016). FDACS categorizes these practices into three consecutive types. Type I are
low-cost non-structural BMPs implemented by the agricultural producer or landowner. Examples
of Type I BMPs are nutrient management practices, such as slow-release fertilizers and timing of
application to minimize losses due to runoff. Structural BMPs, such as fencing, culverts,
sediment traps, tailwater recovery systems, water-control structures, are type II BMPs. Type III
BMPs are the most expensive and include grade stabilization and stormwater retention/detention
systems installed at the edge of fields (Khare, Naja, Andrew Stainback, et al., 2019). Type II and
Type III practices are considered advanced treatment, and opportunities exist for costs to be
shared with the agricultural producer (FDACS, 2008).
BMPs and conservation practices are widely implemented to reduce nutrient pollution,
yet gaps regarding treatment performance still exist. Indeed, most research on BMPs are shortterm empirical studies of single BMPs showing potential to treat nutrient pollution over a limited
time period (Liu et al., 2017; Osmond et al., 2012; Yoder et al., 2020). However, BMP treatment
efficiency may decrease over time, and limited data exist to show long-term nutrient treatment
performance at a watershed scale (Aguilar & Dymond, 2019; Council, 2009; Hoss et al., 2016;
Liu et al., 2015, 2017).
Water quality improvement has often been slower and less impactful than expected at a
watershed scale than modeling has predicted (Liu et al., 2017). In addition to gaps regarding
BMP performance, watershed properties, such as hydrologic timing and nutrient legacy pools,
impact the effectiveness of site treatment when reviewed at a watershed scale (Chen et al., 2018;
Kleinman et al., 2019a). Prior studies have proposed selecting and placing BMP for nutrient
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treatment based on hydrologic flow paths and legacy nutrient pools (Chen et al., 2018;
Rittenburg et al., 2015; Sharpley et al., 2013). BMP treatment is more dependable if the type of
BMP or location is targed to remove nutrients. “Targeting” a BMP type and location based on
hydrologic and climate conditions within a watershed can maximize the nutrient removal of the
BMP (Fleming et al., 2019; Kurkalova, 2015). “Optimizing” BMP placement utilizes algorithms
to search for the combination of BMPs within a watershed that minimizes cost (Veith et al.,
2004). Through modeling subwatershed scenarios, a targeting approach to selecting a BMP type
and placement is shown to be more cost-effective than non-targeting approaches, and optimized
solutions are more cost-effective than targeted approaches. (Rabotyagov et al., 2014; Veith et al.,
2004). However, Kurkalova (2015) synthesized the challenges when considering the costeffectiveness of BMP placement and highlights the challenges in obtaining data regarding
explicit and implicit costs of BMP adoption and the impact of the variability of explicit costs
such as fertilizer or energy.
Efforts to improve the water quality of LO through small-scale agricultural BMP
initiatives and large-scale treatment projects from 1972 to 2020 are outlined in Table 2.1. Despite
these ongoing and evolving efforts, TP within LO has significantly increased since 1974
(Tarabih & Arias, 2021). While TP in the LO has increased, TP loading to LO has not changed
since the 1990s (Khare, Naja, Stainback, et al., 2019).
Table 2.1 Timeline of policy and programs within the LO watershed.
Date
1972
1972 - 1975
1975
1978

Policy or Program
Public Hearing as a Result of Environmental Concern (Boggess et al., 1991;
Part et al., 2016)
Special Project to Prevent Eutrophication of LO (Boggess et al., 1991; Part et
al., 2016)
Recommendations Published from Special Project to Prevent Eutrophication of
LO (Boggess et al., 1991; Part et al., 2016)
Taylor Creek Headwaters Program Begins (Boggess et al., 1991; Part et al.,
2016)
9

Table 2.1 (Continued)
Date

Policy or Program

1981

Rural Clean Waters Program expands Taylor Creek Headwaters Program
(Boggess et al., 1991; Part et al., 2016)
Dairy Farms Identified as Primary Source of Phosphorus to LO
(Boggess et al., 1991; Part et al., 2016)
Lake Okeechobee Technical Advisory Committee Formed
(Boggess et al., 1991; Part et al., 2016)
Recommendations of LO Technical Advisory Committee become mandatory.
Dairy Rule Requires Collection and Treatment Systems from High-Intensity
Areas of Cattle (Boggess et al., 1991, 1997; Part et al., 2016)
Dairy Buy-Out Program (Boggess et al., 1997)

1981
1985
1987

1982 - 1992
1989

1998

'The Rule' sets required total phosphorus concentrations by land-use type (Part
et al., 2016)
Cow/Calf best management practice requirements are a part of the Final
Surface Water Improvement and Management plan (Part et al., 2016)
LO is classified as impaired (Havens & Walker, 2002)

2000

Total Maximum Daily Load set for total phosphorus (Havens & Walker, 2002)

2000

LO Protection Act requires the SFWMD, FDACS, and FDEP to reduce total
phosphorus to LO (SFWMD et al., 2004)
Florida Ranchlands Environmental Services Project launches pilot program to
incentivize private ranchers to detain water from ranches or nearby canals to
promote the formation of natural wetlands and infiltration (Shabman et al.,
2013)
Northern Everglades and Estuaries Protection Program expands the existing
LO Protection Act to the Caloosahatchee and St. Lucie estuaries
(Chuirazzi, 2021; South Florida Water Management District, 2008)
Flordia Ranchland Environmental Services Project expands to Northern
Everglades through the Northern Everglades-Environmental Services Program
(Lomeu et al., 2022)
The first Stormwater Treatment Area, a large-scale constructed wetland, was
built in the LO watershed (Florida Department of Environmental Protection,
2020)
st
LO’s 1 Basin Management Action Plan was released (Florida Department of
Environmental Protection, 2020)
LO Watershed Restoration project begins (Florida Department of
Environmental Protection, 2020)
LO’s 2nd Basin Management Action Plan was released (Florida Department of
Environmental Protection, 2020)

1993

2005

2007

2011

2012

2014
2016
2020
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2.2 Long-Term Water Quality Evaluation
Long-term monitoring of surface waters can examine whether management within the
watershed improves water quality. Due to testing costs, water quality data are collected less
frequently than discharge measurements, and estimation methods calculate loading when a
measured data point is unavailable. Lee (2016) outlined four general types of load estimation:
aggregation or interpolation, ratio estimators, regression, and advanced regression. Advanced
regression methods were established to reduce seasonality bias, poor fits between concentrations
and discharges, and unequal variance in other estimation methods (Hirsch, 2014).
The United States Geological Survey (USGS) developed a flexible advanced regression
load estimation equation called the Weighted Regression on Time, Discharge, and Season
(WRTDS) smoothing method to reduce errors within concentration estimation. In the WRTDS
equation (Eq 1) the fitted coefficients are the n values, c is the concentration, Q is flowrate, t is
time, and  is uncertainty (Hirsch et al., 2010; Oelsner et al., 2017).
Ln(𝑐) = 𝛽0 + 𝛽1 𝑡 + 𝛽2 ln(𝑄) + 𝛽3 sin(2𝜋𝑡) + 𝛽4 cos(2𝜋𝑡) + 𝜀

Eq 1

The WRTDS smoothing method can be used within the USGS’s R-studio package
Exploration and Graphics for RivEr Trends (EGRET). The WRTDS smoothing method within
the EGRET package is designed to remove sub-annual variations in water quality to provide
more insight into the long-term behavior of the watershed (CRAN - Package EGRET, n.d.; US
Department of the Interior & US Geological Survey, 2015). Due to the complexity of the
WRTDS smoothing method, the uncertainty of the water quality trends can be evaluated using a
second R-studio package developed by USGS, the Exploration and Graphics for River Trend
confidence interval. USGS’s confidence interval R-studio package inputs EGRET results and
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runs a bootstrap method evaluation to describe the uncertainty of WRTDS results (Hirsch & de
Cicco, 2014).
Murphy and Sprague (2019a) utilized the functionality of WRTDS within EGRET to
partition annual water quality trends into two additive components: the watershed-management
trend component (MTC) and the flow trend component (QTC). The MTC assumes streamflow is
stationary, assuming variability within streamflow is constant over an entire time period of water
quality data. The QTC is the difference between the water quality trend and the MTC and
assumes non-stationary flow. A non-stationary flow assumption considers that flow rate statistics
are variable and not constant within a given time window. A time window is input into EGRET
during the analysis and can be determined using a sensitivity analysis. The methodology is
limited to locations with daily flow rates and 30-year records (J. Murphy & Sprague, 2019b).
2.3 Water Quality in the Lake Okeechobee Watershed
The South Florida Water Management District (SFWMD) monitors water quality and
quantity within the watershed through stations owned by FDEP, USGS, and SFWMD. The
network contains subwatershed and finer-scale basin-level monitoring stations. SFWMD
analyzes flow, concentration loads, unit area loads, and flow-weighted mean concentration from
each subwatershed and basin by water year, May to April, for TN and TP. Annual estimates are
compared to a five-year average to determine if nutrient loads have increased or decreased for
the year (Florida Department of Environmental Protection, 2020; Welch et al., 2019).
Long-term water quality monitoring in the LO watershed provides an opportunity to
utilize the WRTDS method, which reduces the bias present in other evaluations. Murphy and
Sprauge’s methodology separates variable flow from watershed management impacts on water
quality, allowing an assessment of nutrient management effectiveness.
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Chapter 3: Site Selection, Analytical Approach, and Data Processing
3.1 Site Selection
In the 1970s, the TCNS sub-watershed was identified as a primary source of nutrient
pollution to LO. The TCNS sub-watershed contributed 1% of the water but 12% of the TP
loading (Albers et al., 1991; Boucher et al., 1995; Jin et al., 1998). Although TP loads from the
watershed have been decreasing, in 2020, the TCNS sub-watershed contributed the secondhighest TP loads to LO (Florida Department of Environmental Protection, 2020).
The TCNS sub-watershed provides a long historical record of water quality, flowrate
data, and information on efforts to reduce nutrient loading to LO. Water quality data and stage
data are available at monitoring locations adjacent to LO. Since water control structures are the
primary control of stream flow rates adjacent to LO, EGRET, which associates nutrient
concentration with uncontrolled streamflow, would require additional calculations to determine
the flow rate to the control structures. In addition to flow rate calculations, the variety of land use
within the TCNS sub-watershed also adds complexity to determine the impacts of nutrient
management within the watershed. Therefore, two smaller primarily agricultural basins (TCNS
213 and TCNS 214) in the TCNS sub-watershed were selected for the analysis based on location,
land use, and available data. Similar characteristics between the basins also allow for comparing
and contrasting water quality and management trends. The two basins are outlined in Figure 3.1.
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Figure 3.1 The two basins in the TCNS sub-watershed selected for the analysis. TCNS 213 is
outlined in purple, and TCNS 214 is outlined in orange. Reprinted from Google Earth ©2021.

3.2 Analytical Approach
The impact of historical nutrient management practices on water quality was examined
with multiple methods. Figure 3.2 is an infographic summarizing quantitative methods to
evaluate water quality and nutrient management trends. USGS's EGRET package was used to
evaluate annualized water quality trends at the two basins. TN and TP were selected as chemical
14

parameters to assess water quality due to the ecosystem’s sensitivity to these nutrients. Nutrient
loading estimations within the basins were calculated using land use data. Nutrient loading
estimates were compared with annualized water quality results to determine the impacts of
nutrient management practices. Finally, nutrient seasonality, nitrogen speciation and BMP
enrollment were assessed for any additional information to explain water quality trends.

Figure 3.2 Summary of quantitative methods within the analytical approach. The flow chart on
the left is for evaluating water quality trends from sample data in each basin, and the flow chart
on the right is for estimating expected nutrient concentrations based on the land use in the basin.
Boxes bolded will be compared from the two methods to assess nutrient management within the
watershed.
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3.2.1 Water Quality Trends
The USGS EGRET R-package was used to explore data variations in discharge and
nutrient concentrations. Once data discharge and nutrient concentration data were obtained data
sets were processed to meet EGRET input requirements as described in section 3.2.1. Three tasks
to analyze data are described within the EGRET User’s Guide (1) tabular and graphical flow
history based on time-series smoothing methods (2) graphical displays of water quality sample
data in relation to variations in time, discharge, or season (3) the application of the WRTDS
smoothing method in tabular and graphical representations. Completing tasks two and three
depends on a daily flow record from task one. These three tasks were completed utilizing the
methods described in the EGRET User’s Guide and updated package information within Rstudio (CRAN - Package EGRET, n.d.; US Department of the Interior & US Geological Survey,
2015).
A sensitivity analysis was completed and is included in Appendix C to identify an
appropriate window size for applying the WRTDS smoothing method for water quality trend
results. The sensitivity analysis was completed by running multiple window sizes to the WRTDS
results with the “runSeries” function in EGRET. Based on the sensitivity analysis, a window size
of 9 years was input into EGRET to evaluate water quality results over the period of record. The
“runSeries” function can also be used to obtain graphical results for the MTC by applying a
window size of 0 years. However, tabular results for the MTC and QTC were used in the
analysis and obtained by applying the “runPairs” function to the WRTDS results within the
EGRET package. It should also be noted that the MTC variable is defined as a concentrationstreamflow component (CQTC) within the EGRET package output (J. C. Murphy, 2020).
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The uncertainty of water quality trends from the EGRET package was evaluated using a
second R-studio package developed by USGS, the Exploration and Graphics for River Trend
confidence interval R-package (Hirsch & de Cicco, 2014). Output from the third task in EGRET
was input into the confidence interval using the methods described on the package’s GitHub
website (Introduction to EGRET Confidence Intervals, n.d.).
3.2.2 Nutrient Loads
Diffused nutrient loads into surface waters from land use were estimated using event
mean concentrations (EMCs). EMCs are frequently utilized to design BMPs when influent data
is not available. If land use contributing to influent flows to a proposed BMP is homogenous,
then influent nutrient concentrations to the BMP are assumed to be equal to the EMC associated
with the land use. A weighted EMC (Eq 2) can also be calculated if the land use to the proposed
BMP is heterogeneous. The fraction of area of each land use within the area determines the
weight of the EMC.
𝑛

Weighted EMC (mg/L) = ∑ 𝐸𝑀𝐶𝑖

𝐴𝑟𝑒𝑎 𝑜𝑓 𝐿𝑎𝑛𝑑 𝑈𝑠𝑒𝑖
𝑇𝑜𝑡𝑎𝑙 𝐿𝑎𝑛𝑑 𝑈𝑠𝑒

Eq 2

𝑖=1

The University of Central Florida’s BMPTrains Manual was used to validate the
approach for weighted EMCs, obtain average EMCs for land uses in Florida, and associate
EMCs to Florida Land Use Codes (Wanielista et al., 2020). Spatial coverage of land use codes
for 1995, 1999, 2004, 2008, and 2017 was downloaded from SFWMD Geospatial Database. The
area of each land use code was calculated using spatial land coverage. Land use codes were
combined as outlined within the BMPTrains manual, and weighted EMCs were calculated using
equation 2 for each basin.
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3.2.3 Nutrient Treatment
Nutrient treatment to reduce nutrient loads to surface waters was considered by reviewing
multiple sources. Wastewater treatment facility information was obtained through DEP’s
publicly accessible Oculus database and Nexus Portal. The likelihood of on-site wastewater
treatment and disposal systems (OSTDS) was investigated by examining DEP’s Florida Water
Management Inventory. BMP enrollment of cow-calf producers within the Florida Department
of Agriculture and Consumer Services (FDACS) BMP program was obtained from FDACS.
BMP enrollment data provided from FDACS consisted of one geodatabase and one
tabular database. The geodatabase showed coverage of BMP enrollment within the Taylor Creek
Nubbins Slough sub-watershed, and the tabular database described BMP types within the cowcalf enrollment program. The two databases are related with a common anonymous numerical
ID. BMP enrollment data was processed by first identifying BMP IDs within the spatial
boundary of TCNS 213 and TCNS 214. Then, the BMP IDs for each subbasin were filtered
within the cow-calf BMP database to determine a count of Type I, Type II, and Type III best
management practices in each basin per year. The count of BMPs implemented is a sum of the
number of questions within the FDACS cow-calf BMP manual that an FDACS representative
has determined apply to the site enrolled in the FDACS BMP program. The number of practices
which apply to the sight is designaged with a ‘yes’ in the tabular database.
3.3 Data Processing
Discharge and nutrient concentration data were downloaded from SFWMD’s South
Florida Water Management District’s database. Data directly from the database, included in
Appendix D for TCNS 213 and Appendix E for TCNS 214, were processed to meet
recommendations and formatting requirements to be input into the WRTDS model. The model
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requires daily positive discharges and recommends data to span a minimum of 30 years to
evaluate watershed management (Hirsch et al., 2010).
3.3.1 Flow Data
Daily discharge (flow) data available from SFWMD for the analysis are listed in Table
3.1. Discharge data were available from 2003. The flowrate record was extended using stage data
at the hydrometeorological site. The methodology to extend the data record is described in
section 3.3.1.1. The following steps were completed to process discharge data for the analysis (1)
negative flow values were replaced with the minimum flow value within the positive data range
(2) a forward linear interpolation was completed to fill gaps in the daily record. The number of
days with missing and negative discharge data points within the raw data are shown in Table 3.2.
Table 3.1 Flowrate data available from the SFWMD database.
Basin
Data Type
Data Available
(Site ID)
(units)
TCNS213
Mean Daily Discharge
August 7, 2003 – Present
(02274010)
(cfs)
TCNS214
Mean Daily Discharge
September 4, 2003 – Present
(02274490)
(cfs)

Table 3.2 Flowrate data downloaded from SFWMD database. Missing values were removed or
interpolated, and negative values were replaced with a positive minimum value flow value to
complete the analysis.
Number of
Number of
Number of days
Basin
days with
Data Type
Days within
with values
(Site ID)
negative
Record
missing
values
TCNS213
Mean Daily
6602
0
30
(02274010)
Discharge
TCNS214
Mean Daily
6584
0
0
(02274490)
Discharge
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3.3.1.1. Extending Flow Data
Since daily flowrate was only available to 2003, the record was extended using stage data
at nearby inactive stations. A stage record at the active station allowed for validation of the stage
relationship between the inactive and active stations. Dates, where the stage was recorded at both
the inactive and active stations, were used to calculate and validate the predicted flow. Table 3.3
lists the available data relevant to the analysis.
In basin TCNS 213 the inactive station was approximately 450 feet downstream of the
active station. A hydraulic structure is around 200 feet downstream of the active station. Based
on an aerial photograph of the station location (Figure 3.3), the channel width is variable
between the station location because of the construction and maintenance of the hydraulic
structure.
Table 3.3 Stage data available from the SFWMD database.
Basin
Data Type
Data Available
(Site ID)
(units)
TCNS213
Mean Daily Stage
August 7, 2003 – Present
(TCNS213)
(ft)
TCNS213
Mean Daily Stage
February 9, 1989 – February 19, 2007
(TYLC.HW)
(ft)
TCNS214
Mean Daily Stage
September 4, 2003 – Present
(02274490)
(ft)
TCNS214
Mean Daily Stage
February 7 1989 – December 12, 2008
(TAYLC.WD)
(ft)

In basin TCNS 214 the inactive station was approximately 2,500 feet downstream of the
active station. Based on an aerial photograph of the station location (Figure 3.4), channel width
and bank vegetation appear consistent throughout the two stations' reach. The only structure
between the two stations is a vehicular bridge that spans the channel directly downstream of the
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active station. It was assumed that any impact the bridge had on the stage data would be reflected
in the equation fitting stage and discharge data.

Figure 3.3 Aerial photograph at TCNS 213 station (SFWMD, n.d.).

Figure 3.4 Aerial photograph at TCNS 214 station (SFWMD, n.d.).
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The inactive station (Site ID: TYLC.HW) with stage records for the TCNS 213 basin had
1351 missing values within the time of record, 99% of the missing values occur before
September 7th, 1997. Therefore, data downloaded from this station was truncated at this date.
Although the existing hydraulic structure limits the accuracy of the relationship between
the two stations, a correlation is still present between stage depths at both stations. This
correlation is shown in Figure 3.5 for TCNS 213 and Figure 3.6 for TCNS 214.
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Figure 3.5 Correlation between inactive and active stage depth at TCNS 213.
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Figure 3.6 Correlation between inactive and active stage depth at TCNS 214.
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Due to the limitations of the structure, flow at TCNS 213 was identified to have three
flow regimes which are shown in Figure 3.7. A linear fit for each flow regime was used to fit the
data. Flow regimes identified in Figure 3.7 overlap to allow for a continuous piecewise function.
Figure 3.8 shows each regime, and the linear relationship used to extend the flow rate record for
TCNS 213. R2 values were 0.77, 0.71, and 0.46 decreasing as the flow decreased in the stream.
Figure 3.8 shows the 5th order polynomial used to fit the inactive stage values to flowrate at the
TCNS 214 site with an R2 value of 0.918.
Once the stage-discharge relationship was calculated, stage depths at the inactive station
were input into the equations to calculate discharge where a discharge measurement was
unavailable at the active stations.

Figure 3.7 Flow regimes identified for TCNS 213.
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Figure 3.8 Three linear stage-discharge curves for TCNS 213, and the data points associated
with each linear curve
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Figure 3.9 The stage-discharge curve for TCNS 214, and the data points associated with the
polynomial curve.
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3.3.2 Water Quality Data
Water quality data available from SFWMD to the analysis are listed in Table 3.4. TP data
were available from 1988 to the present. TN data was only available from 2014, so the record
was extended using the two constituents of TN, Total Kjeldahl Nitrogen (TKN, ammonia and
organic nitrogen), and nitrate-nitrite (NOx).
Table 3.4 Water quality data available from SFWMD database.
Water Quality
Test Name
Station
Data Available
(units)
(Site ID)
TCNS 213
Total Nitrogen
July 7, 2014 – Present
(TCNS213)
(mg/L)
TCNS 213
Total Kjeldahl Nitrogen
August 10, 1988 – March 17, 2014
(TCNS213)
(mg/L)
TCNS 213
Nitrate and Nitrite
August 10, 1988 – Present
(TCNS213)
(mg/L)
TCNS 213
Total Phosphorus
August 10, 1988 – Present
(TCNS213)
(mg/L)
TCNS 214
Total Nitrogen
June 25, 2014 – Present
(TCNS214)
(mg/L)
TCNS 214
Total Kjeldahl Nitrogen
August 10, 1988 – February 17,
(TCNS214)
(mg/L)
2014
TCNS 214
Nitrate and Nitrite
August 10, 1988 – Present
(TCNS214)
(mg/L)
TCNS 214
Total Phosphorus
August 10, 1988 – Present
(TCNS214)
(mg/L)

Once water quality data were downloaded, the following processing steps were
completed before the analysis: (1) sample dates with duplicates water quality samples were
averaged, (2) negative sample values were removed, (3) outliers with an absolute value z-score
greater than three was removed (4) values with a data quality indicatory or ‘flags’ were removed.
The number of samples available in the raw data set and the number of samples with negative
and flagged values for each water quality test and basin are shown in Table 3.5. After negative
and flagged values were removed from the data sets, TKN and NOx were added together on dates
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where both tests were completed to extend the TN record. The extended TN record used for the
analysis spanned from March 3rd, 1997, with 402 samples for TCNS 213, and from February 15,
1989 to the present with 631 samples for TCNS 214.
Table 3.5 Water quality data downloaded from the SFWMD database. Negative and flagged
sample values were removed before the analysis.
Number of
Number of
Number of
Basin
Test Name
samples with
samples with
samples
negative values
flags
TCNS213
Total Nitrogen
92
0
1
Total Kjeldahl
TCNS213
885
104
7
Nitrogen
TCNS213
Nitrate and Nitrite
865
132
15
TCNS213
Total Phosphorus
977
78
9
TCNS214
Total Nitrogen
83
0
1
Total Kjeldahl
TCNS214
811
93
8
Nitrogen
TCNS214
Nitrate and Nitrite
811
126
16
TCNS214
Total Phosphorus
868
43
6
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Chapter 4: Results and Discussion
4.1 Water Quality Trends
Processed daily flowrates and water quality sample data were input into USGS’s EGRET
package. Variability in flowrate and seasonality in water quality data were assessed before
applying the WRTDS regression and smoothing annualized WRTDS results. Smoothed
annualized WRTDS are frequently referred to as ‘water quality trends’ throughout the Chapter 4.
4.1.1 Flowrate
Annual flowrate statistics for both TCNS 213 and TCNS 214 are shown in Figure 4.1.
Over the analysis period, flowrates in TCNS 213 had an increasing annual mean, median,
maximum, and 7-day minimum, while TCNS 214 had decreasing annual 7-day minimum, mean,
median, and maximum flowrates.
Single storm events were not considered in this analysis. Storm events were taken into
account through their impact on the daily streamflow. If an extreme storm event such as a
hurricane impacted, the flow results would likely be seen in TCNS 213 and 214 due to their
proximity. Multiple hurricanes have affected the county where the basins are located throughout
the analysis period. There is no apparent correlation between the annual maximums in the basins
(Figure 4.1) and hurricane events shown in Table 4.1.
4.1.2 Water Quality
Seasonal variation in processed TN and TP data is shown in monthly boxplots in Figure
4.2. Median values of TN and TP in both basins have the highest values in summer months and
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lowest values in winter months. TP has more outliers within the data than TN, and TCNS 214
has more outliers than TCNS 213.
Table 4.1 Hurricanes impacting Okeechobee County (Historical Hurricane Tracks, n.d.).
Year Hurricane (Category)
1995 Erin (2)
1999 Irene (2)
2004 Charlie (4), Frances (4), Jeanne (3)
2005 Wilma (5)
2016 Matthew (5)
2017 Irma (5)

4.1.3 Application of Regression
EGRET’s WRTSD was run using the discharge and sample values discussed in the
previous sections. WRTDS results are shown in a solid line, and sample data is shown as points
in Figures 4.3 and 4.4. Results for TCNS 213 are shown in Figure 4.3, and TCNS 214 are shown
in Figure 4.4. Comparing observed and estimated concentrations evaluates the accuracy of
WRTDS on dates where concentrations were observed. Figure 4.5 compares observed and
estimated concentrations from WRTDS in TCNS 213 and TCNS 214. The diagonal line on the
graph represents the location where observed concentrations equal estimated concentrations.
Estimated TN values are evenly distributed along the line except for one outlier in TN. Estimated
TP data are close to the diagonal line at low concentrations and then show more scatter as
concentration increases.
4.1.4 Annualized Water Quality Trends
To evaluate the trends over the period of record the WRTDS regression results were
annualized. Figure 4.6 shows annualized water quality trends, the 90% confidence interval for
the trend line, the annualized data points, and the TCNS benchmark targets. Benchmark water
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quality targets are 1.45 mg/L for TN and 0.12 mg/L for TP (Florida Department of
Environmental Protection, 2020).
TP trends in TCNS 213 and 214 are greater than the watershed benchmark, and TN
trends is greater than TCNS 213. The confidence interval for TN in TCNS 213 widens at the end
of the period of record, this is due to the one outlier, which can also be seen in Figures 4.2 and
4.5. The confidence interval for TP in TCNS 214 is wider at the beginning of the time period and
does not follow the same pattern as the trend line; this could reflect the greater number of
outliers seen within the processed water quality data in Figure 4.2.
Water quality trends between the two basins are not as similar as hypothesized. Table 4.2
shows the slope of the water quality line between selected time windows where water quality
trends showed a point of inflection. This table allows for a standardized comparison between the
trend lines. The water quality trends of TN and TP in TCNS 213 are decoupled, TN decreases at
double the rate of TP from 1998 to 2005. After 2005, TN in TCNS 213 increased consistently.
While TP first increases then decreases with slopes approaching zero. The water quality trends of
TCNS 214 are more coupled than TCNS 213. Changes in TN and TP in TCNS 214 approach
zero between 1990 and 2005, then both increase between 2005 and 2020.
Table 4.2 Change in water quality trends over time.
Basin

Constituent

Change in WQ Trend over selected periods within the
record (mg/L/yr)
1990-1998

1998-2005

2005-2011

2011-2020

TN

N/A

-0.06

0.02

0.02

TP

N/A

-0.032

0.003

-0.0052

TN

0.005

-0.002

0.02

0.04

TP

-0.008

0.004

0.02

0.02

TCNS 213

TCNS 214
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Water quality trends, management trend component, and flow trend component for
TCNS 214 is shown in Table 4.3. The length of record for TCNS 213 was below the
recommended timespan of 30-years; therefore, only results for basin TCNS 214 have been
evaluated. The flow rate trend identifies a increase TP concentrations by 0.06% per year and an
decrease total nitrogen concentrations by approximately 0.09% per year over the period of
record. Management trend changes increased total nitrogen by 1.49% per year and increased
phosphorus 2.42% per year over the period of record. Since the overall water quality trend is the
addition of the trends contributed by flow and management, most of the water quality trend in
TCNS 214 results from watershed management not changes in flow.
Table 4.3 Water quality trend, management trend, and flow trend.
Management
Trend
Component
(%/year)

Water
Quality Trend
(%/year)

Basin

Constituent

Flow Trend
Component
(%/year)

TCNS
214

TN

-0.09%

1.49%

1.40%

TP

0.06%

2.42%

2.48%

4.2 Nutrient Loads
Although basins had contrasting long-term water quality results, both basins have similar
results when comparing nutrient loading based on land use to the water quality trends. A
visualization of the average percent contributing to TP loading by land use in TCNS 213 and
TCNS 214 is shown in Figure 4.7 and average TN loading is shown in Figure 4.8. Figure 4.9
shows changes in land use contributing to loading over time and Figure 4.10 shows TN changes
over time. Even though land use changed over time within each basin, changes to land use did
not change the total loading for the basins. The difference between land use loading and
annualized water quality trends over time are shown in Figure 4.9 for TP and Figure 4.10 for TN.
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TP loading calculations are lower than the water quality trend, and TN loading is higher than the
water quality trend.
4.2.1 Nitrogen Speciation
Nitrogen speciations used to extend the TN record (TKN and NOx) were examined in
Figure 4.13 and 4.13. Figure 4.13 shows the statistics in a box plot, and Figure 4.14 shows the
variability of TKN and NOx over time. Higher TKN concentrations than NOx concentrations are
consistent with previous studies, which have shown high levels of organic nitrogen in
undeveloped, urban, and agricultural watersheds (Dierberg, 1991; Toor et al., n.d.). NOx values
in TCNS 214 are lower and have less variability than TCNS 213. Figure 4.14 shows the
seasonality between NOx and TKN in TCNS 213. NOx concentrations are higher in the dry
winter months when base streamflow is fed by groundwater and lowest in the wet summer
months when streamflow has more surface runoff. Higher NOx concentrations in the dry season
may be due to the transport of NOx within the groundwater after nitrification of ammonia has
occurred within surface waters. TKN is less variable by month than NOx, but median values and
the range of concentrations are higher in wet summer months than in the winter.
4.2.2 Legacy Nutrients
Higher TP concentrations compared to load calculations and small variability between
the median values of TP between months show the impact of legacy sources of phosphorus
within both basins. Although legacy nutrient sources are not as influential on TN concentrations
as TP, higher concentrations of NOx in the winter result are likely due to past nitrogen loads in
TCNS 213. It is known that the TCNS subwatershed historically had dairy operations with
higher nutrient loading within the subbasin. The load estimated only captures current land uses
and does not account for past TN and TP variability within the basins.
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Legacy sources of phosphorus can be identified by soil sampling (Sharpley et al., 2012).
However, soil sampling is often not a feasible approach for mapping a watershed due to the cost
and privacy concerns (Kleinman et al., 2019b). Legacy nitrogen can be identified with water
quality data from subsurface flows in groundwater and the vadose zone. If soil samples and
subsurface water quality measurements are unavailable or not feasible. It may be more viable to
map approximate locations of previous nutrient loading sources such as dairy farms based on
historical records such as aerial images, town records, or maps.
4.2.3 Land Use Identification
While conducting calculations for loading, discrepancies were found to exist between the
land use classification and the assumed loading. For example, land identified and validated with
aerial imagery as pasture would surround a polygon identified as a wetland or wooded uplands.
Classification of wetlands or wooded uplands was correct based on the assessment of aerial
imagery. However, in this case where cattle are grazing wetlands or wooded uplands, the
nutrient load associated with a natural condition such as wetland or upland may not accurately
estimate loading. The nutrient concentration in this case is likely more similar to a pasture than a
natural condition. A validation process was not completed to ensure that aerial imagery was
reflective of the assumed nutrient loads calculated for TCNS 213 and TCNS 214. However, a
validation process is recommended for future work that relates the land use classifications to
nutrient loading assumptions.
4.3 Nutrient Treatment
Residential lots in both basins were assumed to primarily have septic systems as DEP’s
Water Management Inventory showed ‘likely septic’ or ‘known septic’ on residential lots where
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data was available. Direct surface water discharges from domestic or dairy wastewater treatment
facilities were found not to occur in either basin.
TCNS 213 has multiple permits associated with a dairy producer. TCNS 214 has one
municipal wastewater treatment facility, permitted for 4.0 million gallons per day in 2006, and
one industrial wastewater treatment facility at a correctional facility permitted to treat 0.2 million
gallons per day. Discharges permitted for wastewater are limited to provide details of changes in
treatment over time. A permit year and a permitted rate at a wastewater treatment facility
represent that a treatment plan was approved for that wastewater rate. A permitted discharge rate
does not accurately portray the rate of daily treatment or discharge.
Data available for BMP enrollment is also limited to provide changes to treatment
practices over time. A producer is enrolled in the BMP programs after the following steps are
completed (1) the producer contacts FDACS regarding enrolling (2) an FDACS representative
visits the site to identify all applicable BMPs for the site (3) a notice to implement is signed.
Producers are required to implement all applicable BMPs as soon as possible, but no later than
18 months after an initial site visit. After a site is enrolled, FDACS performs site visits every two
years to confirm BMPs are maintained (FDACS, n.d.).
A count of BMPs enrollment for cow-calf operations in the FDACS enrollment program
over time is shown in Figure 4.16. The figure shows the year BMPs were enrolled. Once enrolled
in the program, a producer has 18 months to implement the BMPs, and the practice will continue
into the future. This figure does not the date a cow-calf BMP was implemented or BMPs
enrollment outside of the cow-calf commodity that also might be within the basin.
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4.3.1 Best Management Practices
Although BMPs have been required in the TCNS watershed for cow-calf pastures since
1993, there is a significant gap in attributing BMP enrollment to water quality changes (Part et
al., 2016). More information on existing BMP data would be required to attribute changes in
water quality trends to BMP enrollment directly. The implementation year of BMP and a
recorded spatial area in which the BMP is applied to reduce nutrients would provide additional
details to evaluate variable treatment efficiencies due to treatment area, age, and placement.
Lower TN concentrations compared to load calculations likely reflect the ongoing efforts
to improve water quality flowing to LO. Nutrient management practices that promote settling
and filtering of particulate TP could also filter particulate organic nitrogen contributing to TKN
concentrations. Since the lake is sensitive to both TN and TP, this water quality improvement
could reduce HABs within the lake.
A targeted method of BMP selections and BMP location treatment based on current and
legacy nutrient loads may improve water quality treatment. Since nutrient loads may result from
a legacy source and not a current nutrient source, a formalized payment-for-environmental
services (PES) structure could offset the costs required to treat legacy nutrients. The Northern
Everglades – PES (NE-PES) program currently incentivizes one type of BMP (water retention)
on ranches within the LO watershed. A PES program offers an opportunity to facilitate a process
of approval, continuous oversight, and a record of designed nutrient load reduction in which all
stakeholders agree (Shabman et al., 2013). An approval process could confirm that the BMP
selection and location was “targeted” to improve water quality on the site. The oversight would
ensure the BMP is maintained over time, and the record could require data needed to determine
the impact of BMP treatment on a larger scale. In addition to the cost of incentives, a PES
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program would require funding by the managing party. Still, an incentive program may cost less
than the large-scale treatment infrastructure.

Figure 4.1 Annualized maximum, mean, median, and minimum flowrates for TCNS 213 and
TCNS 214. Years hurricanes impacted the area are designated with a triangle in the annualized
maximum day subplot.
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Figure 4.2 Seasonal variability in TN and TP samples in TCNS 213 and TCNS 214.
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TN Concentration (mg/L)
TP Concentration (mg/L)
Figure 4.3 Application of the WRTDS regression in TCNS 213 to estimate TN and TP
concentrations. Points on the graph are samples, and the solid line represents the WRTDS model
result.
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TN Concentration (mg/L)
TP Concentration (mg/L)
Figure 4.4 Application of the WRTDS regression in TCNS 214 to estimate TN and TP
concentrations. Points on the graph are samples, and the solid line represents the WRTDS model
result.
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Figure 4.5 Comparison of observed and estimated concentrations from the WRTDS regression.
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Concentration

Concentration in TCNS 214 (mg/L)

Concentration in TCNS 213 (mg/L)

90% CI on Total Nitrogen (TN)
Concentration

Water Year

Water Year

Figure 4.6 Annualized water quality trend for TN and TP for the TCNS (solid green line)
enclosed by the 90% confidence interval (dashed green line). Annualized points (black points)
and TCNS watershed benchmarks (dashed red line) are also shown.
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Figure 4.7 Visualization of the percent contribution to TP loading by land use in TCNS 213 and
TCNS 214.
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Figure 4.8 Visualization of the percent contribution to TN loading by land use in TCNS 213 and
TCNS 214.
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Figure 4.9 TP loading by land use over time in TCNS 213 and TCNS 214.
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Figure 4.10 TN loading by land use over time in TCNS 213 and TCNS 214.
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Figure 4.11 TP land use loading and water quality trends in TCNS 213 and TCNS 214.
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Figure 4.12 TN land use loading and water quality trends in TCNS 213 and TCNS 214.
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Figure 4.13 Nitrogen speciation in TCNS 213 and 214.
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Figure 4.14 365-day rolling average of TKN and NOx in TCNS 213 and TCNS 214.
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Figure 4.15 Seasonality of TKN and NOx in TCNS 213.
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Figure 4.16 Number of BMPs enrolled in the FDACS cow-calf BMP program in basins TCNS
213 and TCNS 214 over time. Once enrolled, BMPs will continue to be applied and maintained.
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Chapter 5: Conclusions
Annualized water quality trends in two adjacent basins within the TCNS subwatershed
differed more than initially hypothesized. Nutrient management (land use changes and nutrient
treatment) provided insight into additional similarities and differences between the basins during
the same period of time as the water quality records. However, a clear relationship between
nutrient management changes and changes in the water quality trends could not be identified.
Water quality trends are increasing (getting worse) in TCNS 214 where TN and TP trends are
more coupled than TCNS 213. Water quality may improve if nutrient management within the
TCNS 214 basin targets decoupling the TN and TP trends.
Legacy nutrient impacts on water quality were identified in both basins. The influence of
TP legacy was shown when analyzing water quality sample seasonality and when comparing
estimated TP concentrations to water quality trends. TN legacy was only identified in TCNS 213
when analyzing the fraction and seasonality of NOx in TN.
Large efforts have been put forward from various stakeholders to improve the water
quality trends. Comparing long-term water quality trends with nutrient management within the
last 30 years highlights (1) the variability in water quality trends between two similar basins (2)
the long-term impact of past nutrient loading on water quality treatment, and (3) gaps present to
connect nutrient management practices with downstream water quality impacts. For future
analysis within the LO watershed, it is recommended to (1) examine locations and approximation
of historical nutrient loadings (2) identify the location, implementation dates, and treatment area
coverage of management practices within the basins which decouple TN and TP trends.
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Appendix A: Copyright Permissions
The permission in following figure is for the use of the images in Chapter 3.
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Appendix B: List of Acronyms
Acronyms were commonly utilized throughout Chapters 1 through 5. Table B.1 is a list
of the acronyms used and their definitions.
Table B.1 Acronyms and definitions.
Acryonyms
Definition
BMP
Best Management Practice
CQTC
Concentration Streamflow Trend Component
CRAN
Comprehensive R Archive Network
EGRET
Exploration and Graphics for River Trends
EMC
Event Mean Concentration
EPA
Environmental Protection Agency
FDACS Florida Department of Agriculture and Consumer Sciencce
FDEP
Florida Department of Protection
HAB
Harmful Algal Blooms
LO
Lake Okeechobee
NOx

nitrate-nitrite

MTC
NRCS
OSTDS
QTC
SFWMD
TCNS
TKN
TN
TP
US
USF
USGS
WRTDS
WY

Management Trend Component
Matural Resources Conservation Service
Onsite Sewage Treatment and Disposal System
Flowrate Trend Component
South Florida Water Management District
Taylor Creek Nubbins Slough
Total Kjeldahl Nitrogen
Total Nitrogen
Total Phosphorus
United States
University of South Florida
United States Geological Survey
Weighted Regression on Time Discharge and Season
Water Year
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Appendix C: Sensitivity Analysis for Flow Trend Components
Three windows were run to determine the sensitivity of the flow trend component for
each basin and consitutent. Overall, it was determined that the basins were not extremely
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sensitive and a nine-year window was selected for the analysis.
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Figure C.1 Three flow windows plotted for total nitrogen at TCNS 213.
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Figure C.2 Three flow windows plotted for total phosphorus at TCNS 213.
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Figure C.3 Three flow windows plotted for total nitrogen at TCNS 214.
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Figure C.4 Three flow windows plotted for total phosphorus at TCNS 213.
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Appendix D: TCNS 213 Raw Data
Data downloaded from the South Florida Water Management District’s Environmental
Database (DBHydro) associated with basin TCNS 213 before any data processing outlined in
Chapter 3 is shown below.

Figure D.1 Inactive stage data downloaded from SFWMD for TCNS 213.
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Figure D.2 Active stage data downloaded from SFWMD for TCNS 213.

Figure D.3 Discharge data downloaded from SFWMD for TCNS 213.
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Figure D.4 TKN sample data downloaded from SFWMD for TCNS 213. NA (blue) data points
are unflagged samples, while other colors designate flagged samples and were removed during
processing.

Figure D.5 NOx sample data downloaded from SFWMD for TCNS 213. NA (red) data points
are unflagged samples, while other colors designate flagged samples and were removed during
processing.
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Figure D.6 TN sample data downloaded from SFWMD for TCNS 213. NA (red) data points are
unflagged samples, while other colors designate flagged samples and were removed during
processing.

Figure D.7 TP sample data downloaded from SFWMD for TCNS 213. NA (blue) data points are
unflagged samples, while other colors designate flagged samples and were removed during
processing.
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Appendix E: TCNS 214 Raw Data
Data downloaded from the South Florida Water Management District’s Environmental
Database (DBHydro) associated with basin TCNS 214 before any data processing outlined in
Chapter 3 is shown below.

Figure E.1 Inactive stage data downloaded from SFWMD for TCNS 214
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Figure E.2 Active stage data downloaded from SFWMD for TCNS 214

Figure E.3 Discharge data downloaded from SFWMD for TCNS 214
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Figure E.4 TKN sample data downloaded from SFWMD for TCNS 214. NA (blue) data points
are unflagged samples, while other colors designate flagged samples and were removed during
processing.

Figure E.5 NOx sample data downloaded from SFWMD for TCNS 214. NA (blue) data points
are unflagged samples, while other colors designate flagged samples and were removed during
processing.
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Figure E.6 TN sample data downloaded from SFWMD for TCNS 214. NA (blue) data points are
unflagged samples, while other colors designate flagged samples and were removed during
processing.

Figure E.7 TP sample data downloaded from SFWMD for TCNS 214. NA (blue) data points are
unflagged samples, while other colors designate flagged samples and were removed during
processing.
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